Background. Both aging and treated human immunodeficiency virus (HIV)-infected populations exhibit low-level chronic immune activation of unknown etiology, which correlates with morbidity and mortality. Cytomegalovirus (CMV) infection is common in both populations, but its relation to immune activation is unknown.
relationships among T-cell cytokine responses to a large panel of CMV antigens, serologic and cellular markers of systemic inflammation and immune activation, and frailty in HIV + and HIV − men followed in the Multicenter AIDS Cohort Study (MACS).
METHODS

Study Population and Clinical Data
The MACS has followed HIV + and HIV − men semiannually since 1984 [20, 21] . At each study visit, men fill out questionnaires covering medical history, undergo a brief physical examination, and provide whole blood for hematology and serology, and for storage of plasma, serum, and viable peripheral blood mononuclear cells (PBMCs). Plasma HIV RNA concentrations were measured by the Roche Taqman assay (sensitive to 20 copies/mL), and CD4 and CD8 T-cell subsets by standardized flow cytometry [22, 23] . Since 2007, the Fried Frailty Phenotype (FFP) [24] has been assessed at each study visit [4] . Briefly, this phenotype is present when 3 or more of 5 criteria are expressed: slow walking speed, low grip strength, exhaustion, low physical activity, and weight loss [24] .
The present study included 42 men (20 HIV − , 22 HIV + ) at the Baltimore-Washington, DC MACS site who had: (1) known frailty status and (2) stored serum and viable PBMCs available for study. To minimize misclassification, frailty was defined as expression of the FFP at 2 consecutive study visits, and nonfrailty as its nonexpression at 2 consecutive visits. To eliminate the effect of HIV viremia, only HIV + men with undetectable viremia receiving combination antiretroviral therapy (cART) were included. To avoid depletion of the specimen repository, men with the greatest numbers of stored vials of serum and PBMC were selected for study. Of 23 HIV − men who met the definition of frailty, 22 had adequate PBMC for study and 10 of these were selected for study. For HIV + men, the corresponding figures were 26, 19, and 11. Chronic or acute medical conditions were assessed based on questionnaire and medical records.
Assessment of T-Cell Characteristics and Responses to CMV
As described [25] , cryopreserved PBMCs were thawed, washed, cultured overnight, and stimulated for 6 hours with 1 of 26 pools of overlapping 15-mer peptides covering 19 CMV open reading frames (ORFs): unique long (UL) 28, 32, 36, 48, 55, 82, 83, 86, 94, 99, 103, 122, 123, 151 , and 153; and unique short (US) 3, 24, 29, and 32); all graciously provided by Dr. Louis Picker [8] . Cultures included costimulatory monoclonal anti-CD28 and anti-CD49d (BD Biosciences, San Jose, CA) and, for the final 5 hours of incubation, brefeldin A (Sigma Aldrich, St. Louis, MO). Staphylococcal enterotoxin B and no antigen were used as positive and negative controls, respectively. Cells were stored overnight at 4°C, washed with phosphate-buffered saline (PBS), and stained with LIVE/DEAD Fixable Aqua Dead Cell (Invitrogen, Eugene, OR), then fixed, permeabilized, and stained for 45 minutes with premixed monoclonal antibodies (anti-human
, CD8-peridinin chlorophyll-Cy5.5, and CD3-allophycocyanin), as well as antibodies to interleukin 2 (IL-2)-PE-Cy7, tumor necrosis factor-α (TNF-α)-Alexa Fluor 700, and CD4-V450 (all antibodies, including isotype controls, from BD Biosciences). Samples were analyzed on an LSRII flow cytometer (BD Biosciences), using FACSDiva software, V. 6.13 (BD Biosciences). CD3 + /CD4 + and CD3 + /CD8 + cells expressing CD69 and IFN-γ, TNF-α, and/or IL-2 were quantified using FlowJo software (Tree-Star, Ashland, OR). A response of stimulated cells that was ≥0.1% above staining with fluorescence-minus-one (FMO) controls was considered a positive response. Activated T cells were assessed by staining an aliquot of thawed PBMC with antibodies to CD38 and HLA-DR (BD Biosciences) and defined as cell expressing both markers.
Measurement of Serologic Inflammatory Markers
Serum levels of 15 inflammation-regulating cytokines and chemokines (IL-1β, IL-2, IL-6, IL-8, IL-10, IL-12p70, IFN-γ, TNF-α, GM-CSF, CCL2/MCP-1, CCL4/MIP-1β, CCL11/ eotaxin, CCL13/MCP-4, CCL17/TARC, CXCL8/IL-8, CDL22
[MDC], CCL26 [eotaxin-3], CCL3 , and CXCL10/ IP-10) were measured by multiplex electrochemiluminescence (MSD, Gaithersburg, MD) on stored serum as described [26] . CRP was measured using high-sensitivity nephelometry (Quest Laboratories, Chantilly, VA).
Statistical Analysis
Summary statistics were described for the study population as a whole and for subgroups defined by HIV status (+/−), frailty status (+/−), or both HIV and frailty status (−/−, +/−, −/+, and +/+). Significance of differences between groups was assessed by Wilcoxon Rank-sum test or Fisher's exact test, as appropriate. Associations between the 9 T-cell responses and the 14 inflammatory biomarkers detected in all donors were assessed by Spearman's rank correlation coefficients for the 4 subgroups defined by HIV and frailty status. Correlations of 0.6 or greater in absolute magnitude were considered strong, and those with P ≤ .05 were considered significant. When at least 1 of the 2 frailty groups had a significant correlation, we applied Fisher's z transformation to formally test whether correlations differed significantly by frailty status, after stratifying by HIV serostatus.
The Benjamini-Hochberg procedure [27] was used to account for multiple tests within each HIV/frailty stratum by controlling the false discovery rate. Because total T-cell responses are sums, and thus correlates, of CD4-and CD8-specific responses, the 3 total T-cell responses were adjusted separately from the 6 CD4-and CD8-specific responses. For Spearman correlation coefficients, we controlled the false discovery rate at 20% due to the exploratory nature of this analysis and correlations among the variables. For Fisher's z transformation, we chose a lower false discovery rate, 5%, because we targeted only significant correlations, which reduced the total number of tests.
To explore the relationship between CMV T-cell response and future development of the frailty phenotype, we categorized the CD4-specific IL-2 response into tertiles; we then compared the top tertile to the 2 lower tertiles for time to first occurrence of the frailty phenotype, by Kaplan-Meier estimators and the nonparametric log-rank test, after stratifying by HIV serostatus. We also compared these 2 groups for the proportion of follow-up visits per individual that manifested the frailty phenotype, using the Wilcoxon rank-sum test.
RESULTS
Study Population
Demographic and clinical characteristics of the 42 men included in the study are summarized in Table 1 . The median age of all study participants was 61 years; HIV − men were slightly older than the HIV + men (P = .03) and had significantly higher CD4 and lower CD8 T-cell counts. By design, all HIV + men had undetectable HIV viral loads. All men for whom serological data were available were CMV-seropositive. The HIV + and HIV − men did not differ significantly in educational level, titer of anti-CMV IgG antibody, and prevalence of hepatitis C virus (HCV) infection, although the latter was more common in HIV + men. Other clinical conditions, aside from history of AIDS, also did not differ by HIV status (data not shown).
Measures of Systemic Inflammation
Most cytokines and all chemokines tested were detectable in the serum of all subjects studied. The data are summarized in Table 2 . For the cytokines (Table 2) , TNF-α concentrations were significantly higher in HIV + than HIV − men, and IL-6 levels were significantly higher in frail men than in nonfrail men, both overall and within HIV − and HIV + men. Other cytokines did not differ significantly by any stratification by HIV or frailty status. For chemokines (Table 2) , no significant differences were present. CRP levels ( Table 2) were significantly higher in frail men than in nonfrail men, both overall and within each HIV serostatus group.
T-Cell Responses to CMV
All men exhibited positive CD4 and CD8 T-cell responses to the panel of CMV peptide pools. Consistent with our previous report on a subgroup of these subjects [25] , percentages of T cells producing IFN-γ and TNF-α were generally similar and were greater than percentages producing IL-2, and CD8 T-cell responses were greater than those of CD4 T cells, except for Table 1 ); overall responses did not differ significantly by HIV status or frailty status (data not shown).
IL-2 responses (Supplementary
Correlations Between Systemic Inflammatory Markers and T-Cell
Responses to CMV
Correlations between inflammatory markers and the sum of all T-cell responses to the 19 CMV ORF pools were analyzed either: (1) among the entire study population; or with the population stratified by (2) HIV status alone or frailty status alone or (3) both HIV status and frailty status. Age distributions were similar by HIV status within all groupings (data not shown). Analyses were performed for each cytokine response (IFN-γ, TNF-α, and IL-2) and for each T-cell subset (CD4 or CD8).
Here, we present only correlations that were strong (r ≥ 0.6 or ≤ −0.6) and statistically significant (P < .05).
The overall study population exhibited no strong and significant correlations. After stratification by HIV status or by frailty status, the CD8 IL-2 response was strongly correlated with serum IL-8 concentration among HIV − men (r = 0.63, P = .0031), and the total IFN-γ response (CD4 + CD8) with the percentage of activated CD4 T cells among HIV + men (r = 0.60, P = .0043). Nonfrail men showed strong correlations between the CD8 IFN-γ response and serum IL-8 levels (r = 0.64, P = .0017) and the CD8 TNF-α response and serum MIP-1β (r = 0.60, P = .0043). The last 3 of these correlations were significant after adjustment for multiple comparisons.
In contrast, after stratification by both HIV status and frailty status, 41 strong and significant correlations between CMV responses and measures of systemic inflammation were present, as shown in Table 3 (P values for correlations are in  Supplementary Table 2 ). These differed for the different HIVfrailty groups, as follows:
• HIV − /nonfrail (n = 10 men): Seven correlations were strong and significant. All were with CD8 T-cell responses, and all were negative correlations with chemokines. The strongest was between the CD8 IL-2 response and IL-8 (r = −0.75). None was significant after adjustment for multiple comparisons.
• HIV + /nonfrail (n = 11): Seventeen correlations were strong and significant; again 3 were between CD8 responses and chemokines and were negative. However, 7 were between both CD4 and CD8 T-cell responses and activated T cells (both CD4 and CD8) and were positive; of these, correlations between the total T-cell response (IFN-γ and TNF-α) and activated CD4 T cells remained significant after adjustment for multiple comparisons. Positive correlations were also present with TNF-α, IL-6, and IFN-γ cytokines associated with the presence or onset of frailty.
• HIV − /frail (n = 10): Fifteen strong and significant correlations were present. Again, most were negative correlations with serum chemokine levels, but positive correlations with serum IFN-γ were present and remained significant for the total IFN-γ and TNF-α responses, after adjustment for multiple comparisons.
• HIV + /frail (n = 11): this group had only 2 strong and significant correlations: between the CD4 TNF-α response and activated CD4 T cells (r = 0.66), and between the CD8 TNF-α response and serum CRP (r = 0.62).
Differences in Correlations by Frailty Status
For T-cell responses that exhibited a strong correlation within an HIV-frailty category, we tested whether the correlations differed by frailty status. As shown in Table 3 , of 20 such comparisons, 6 were statistically significant (P < .05), and 1 remained significant after adjustment for multiple comparisons (namely, the differences in correlation between the total [CD4+CD8] T-cell IFN-γ response and MDC concentration in HIV − frail men).
Exploratory Analysis of the Relationship Between T-Cell Responses to CMV and Development of Frailty
Given the strong correlation observed between the CD4 IL-2 response and serum IL-6 in the HIV + /nonfrail subgroup, and the fact that IL-6 is a predictor of frailty [1] , we asked whether the CD4 IL-2 response could predict the onset of frailty in nonfrail men. Table 4 shows the CD4 IL-2 responses and follow-up of the nonfrail men. The overall median follow-up was 12 study visits. As shown in Figure 1 , the highest tertile of the CD4 IL2 response had significantly faster onset of frailty than the lower 2 tertiles for HIV − men, but not for HIV + men. Proportions of follow-up visits exhibiting the frailty phenotype showed the same pattern: median 30% (top tertile) versus 0% (lower 2 tertiles) for the HIV − men (P = .03 by Wilcoxon rank-sum test), and 0% versus 11%, respectively (P = .16), for the HIV + men. Interestingly, the HIV + nonfrail men in the lowest tertile of the CD4 IL2 response exhibited the greatest development of frailty, but this was not statistically significant.
DISCUSSION
This study investigated the relationship between chronic immune activation and T-cell responses to CMV, using a panel of CMV antigens that captures most of the large and complex T-cell response to CMV. We studied this broad panel for 2 reasons. First, CMV-specific T-cell responses vary greatly depending on the antigens used in both healthy donors [8, 25] and HIV + men [25] . Secondly, although many studies have measured responses to CMV pp65 and/or IE-1, most CMVresponsive T cells recognize other CMV components [8, 25] . For the most part, strong correlations between CMV responses and systemic inflammatory markers were not present in groups stratified by HIV status alone or frailty status alone, but rather in groups stratified by both variables, especially in nonfrail men Table 3 Comparison of correlation coefficients between nonfrail and frail men was done after Fisher r-to-z transformation and was performed only when there was a statistically significant correlation in at least 1 of the 2 groups.
Bold text indicates statistically significant (P < .05) correlations or P values. Black boxes indicate values that were statistically significant after adjustment for multiple comparisons.
Adjustments for multiple comparisons: For correlation coefficients, adjustments were performed within each HIV status-frailty status subgroup, by maintaining a false discovery rate of 0.2. Because total T-cell responses are sums, and thus correlates, of CD4-and CD8-specific responses, total T-cell responses were adjusted separately from CD4-and CD8-specific responses.
For P values, adjustments were performed within each HIV status group stratified by frailty, by maintaining a false discovery rate of .05; again, adjustment was done separately for CD4-and CD8-specific responses, and for total T-cell responses.
and HIV − frail men. Significant correlations were observed with both CD4 and CD8 T-cell responses. Correlations with inflammatory markers such as IFN-γ, IL-6, TARC, and activated T cells (both CD4 and CD8) were generally positive, while those with chemokines were generally negative. The correlations in the nonfrail men were not affected by HCV because only 1 nonfrail man in this study had HCV infection. It is possible that HCV affected immune activation in the HIV + men in this study, but that hypothesis requires analysis of many more donors.
We found that nonfrail HIV − men in the highest tertile of CD4 IL-2 responses to CMV were significantly more likely to develop frailty during a median of 6 years of follow-up than similar men in the lower 2 tertiles. This finding is clearly preliminary, being based on only 10 men, but it resembles the higher incidence of frailty in people in the highest quartile of serum IL-6 reported by Harris et al [1] and supports the testable hypothesis that high CMV-induced CD4 T-cell production of IL-2 predicts onset of frailty in HIV − nonfrail men. This study did not support such a relationship in HIV + men. In both HIV − and HIV + men, serum CRP was much higher in frail than nonfrail men, and the same was true for IL-6, though to a lesser extent. These data are consistent with previous studies in the MACS [28, 29] and in the HIV − older adult population [30] [31] [32] [33] .
Relationships between CMV T-cell responses and chronic immune activation were scarcer in HIV + frail men than in the other groups of men, with only 2 strong and significant correlations, both involving the TNF-α response. This may reflect immunological dysfunction or dysregulation that has occurred with the onset of frailty in HIV + men.
This study has several limitations. We did not test T-cell responses to all CMV ORFs, which number in the hundreds [34] . Although the panel used was the most extensive tested to date for correlation with chronic immune activation, and correlated highly (r > 0.9) with the total response to all known CMV antigens in healthy donors aged 18-55 [8] , such correlation could be different in older, HIV + , and/or frail donors. Similarly, we did not test all known markers of chronic immune activation. However, the markers studied include many of the most extensively studied soluble inflammatory mediators, as well as cellular activation markers. The sample size was relatively small, due to the complexity and expense of the studies conducted, but even so strong correlations were present, and about one-third of these remained significant after adjustment for multiple comparisons. Clearly, studies with larger sample size and longer follow-up would be beneficial. The men studied were not formally confirmed as CMV-seropositive, but almost certainly were, because they all responded immunologically to CMV antigens. We did not assess CMV DNA in plasma, because this is rarely present in people who are not immunocompromised ( [35] , and unpublished MACS data). Because no CMV-seronegative people were studied, the study sheds no light on development of frailty in such people.
Another possible limitation of the study is in the correction for multiple comparisons. Correcting for multiple comparisons may increase the likelihood of false-negative results [27] , which would be undesirable given the high cost and labor-intensiveness of the tests we conducted. Our count of the number of independent tests was conservative, because many of the T-cell responses measured were strongly correlated with each other, as were the inflammatory markers. To take this into account, we allowed a somewhat liberal false discovery proportion of 0.2 in adjusting for the number of comparisons among these variables. It is difficult to determine if we have balanced these conflicting tendencies accurately. However, it is likely that comparisons that were significant after the adjustments performed are biologically meaningful, at least as a basis for hypothesis generation. It should also be noted that many of the correlations observed, in addition to being strong (≥0.6 in absolute magnitude), exhibited patterns of correlation that were consistent across many inflammatory biomarkers, for example positive correlations with proinflammatory markers and activated T cells, and negative correlations with chemokines. This suggests that these correlations are not random false-positive findings. Nevertheless, the possibility of false-positive findings has not been excluded, and, again, the present findings require confirmation.
Because of its cross-sectional design, the present study cannot address whether the correlations observed between CMV responses and immune activation reflect a causative role for CMV responses. An interpretation of these correlations, which has not been excluded, is that larger T-cell responses to CMV could be a result, rather than a cause, of immune activation. In this connection, there is evidence that inflammation can foster reactivation of latent CMV [36] and that CMV replicates better in activated than in resting myeloid cells [37, 38] . Longitudinal studies will be needed to address this question.
Given the many diseases that have been linked to chronic immune activation, including frailty and other manifestations of aging, understanding the etiology and mechanisms of age-related inflammation increases in importance as both the HIV − and HIV + populations age and the prevalence of frailty increases in both populations. The results from this study suggest that both CMV and frailty status should be taken into account in studies of age-related inflammation. One study of short-term suppression of CMV infection with valganciclovir in men with advanced HIV infection led to significant reductions in activated T cells [39] ; however, this is not necessarily generalizable to the larger population of virologically suppressed HIV + people treated at earlier stages of HIV infection, as is now common, or to the general population.
Much of what we know about chronic CMV infection and the immune response to it is very narrow in scope, with sparse data on responses to most CMV antigens and the in vivo distribution and form of CMV infection in different organ or tissue compartments [40] and at different ages [41] . Studies that adequately address the complexity of chronic CMV infection in both HIV − populations and populations of HIV + people treated effectively at early stages of HIV infection are therefore needed to understand the role of chronic CMV infection in the inflammation of aging and its health consequences.
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